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In our previous report, we demonstrated the possibility that various regulatory neuropep-
tides inﬂuence feeding behavior in the silkworm, Bombyx mori. Among these feeding-
related neuropeptides, short neuropeptide F (sNPF) exhibited feeding-accelerating activity
when injected into B. mori larvae. Like other insect sNPFs, the deduced amino acid
sequence of the cDNA encoding the sNPF precursor appears to produce multiple sNPF
and sNPF-related peptides in B. mori.The presence of three sNPFs, sNPF-1, sNPF-2, and
sNPF-3, in the brain of B. mori larvae was conﬁrmed by direct MALDI-TOF mass spec-
trometric proﬁling. In addition, all three sNPFs are present in other larval ganglia. The
presence of sNPF mRNA in the central nervous system (CNS) was also conﬁrmed by
Reverse transcription-polymerase chain reaction. Semi-quantitative analyses of sNPFs in
l the larval brain using matrix-assisted laser desorption ionization time-of-ﬂight mass spec-
trometry further revealed that brain sNPF levels decrease in response to starvation, and
that they recover with the resumption of feeding. These data suggest that sNPFs were
depleted by the starvation process. Furthermore, food deprivation decreased the tran-
scriptional levels of the sNPF receptor (BNGR-A10) in the brain and CNS, suggesting that
the sNPF system is dependent on the feeding state of the insect and that the sNPF system
may be linked to locomotor activity associated with foraging behavior. Since the injection
of sNPFs accelerated the onset of feeding in B. mori larvae, we concluded that sNPFs are
strongly related to feeding behavior. In addition, semi-quantitative MS analyses revealed
that allatostatin, which is present in the larval brain, is also reduced in response to starva-
tion,whereasthepeptidelevelofBommyosuppressinwasnotaffectedbydifferentfeeding
states.
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INTRODUCTION
Althoughphytophagousinsectsfeedontheirpreferredhostplants,
feeding is not continuous. A number of biochemical and behav-
ioralstudieshavefoundthatchemicalcomponentsextractedfrom
hostplantsserveasattractantsordeterrentsforplantfeeders(Har-
borne,1993;Hanson,2003),andthuscontributetohostselection.
Therefore, it is believed that feeding behavior in phytophagous
insects may be initiated by the chemical components present in
their preferred host plants.
The biology and physiology of the mechanisms that regulate
insect feeding behavior have been extensively investigated (Simp-
son, 1995). To date, sequential behaviors in regularly occurring
feeding patterns have been monitored using a number of phy-
tophagous insects, including orthopteran (Blaney et al., 1973;
Simpson, 1982; Simpson and Ludlow, 1986) and lepidopteran
species (Reynolds et al., 1986; Bowdan, 1988a,b; Timmins et al.,
1988; Bernays and Woods, 2000; Nagata and Nagasawa, 2006). In
the case of the silkworm,Bombyx mori,larvae exhibit characteris-
tic feeding behavioral patterns that are generated independent of
circadian rhythms at regular intervals of approximately every 2h
(NagataandNagasawa,2006).Sincethesecharacteristicbehaviors
areprimarilytimedbythemode-changingprocessfromquiescent
status to feeding status, we assumed that some process might be
involved in the decision to initiate feeding activity.
Based on previous physiological reports,the feeding state of an
insect can be deﬁned according to the following two indicators:
(1) duration elapsed from the end of the previous meal and (2)
head-swaying behavior immediately before the onset of eating or
under feeding-motivated states (Nagata et al., 2011a). These two
physiologically deﬁned feeding states,hunger and satiety,support
the evaluation of feeding behavior in B. mori larvae by measuring
the latency period prior to the initiation of feeding (Nagata et al.,
2011b). We were previously able to identify several biologically
active peptides as feeding modulators by measuring the length of
thelatencyperiodpriortotheinitiationoffeedinginB.mori larvae
(Nagata et al., 2009, 2011a,b). Among these peptides, two classes
of peptides with different biological activities on feeding behav-
ior were characterized: (1) inhibitory peptides,which prolong the
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latency to the initiation of feeding, and (2) acceleratory peptides,
which shorten the latency to feeding initiation. Consistent with a
previousproposalregardingcontrolofinvertebratefeedingbehav-
ior (Simpson, 1995), we found that FMRFamide-related peptides
(FaRPs) and myosuppressin have inhibitory effects on the initi-
ation of feeding behavior by peptide administration in B. mori
larvae (Nagata et al., 2011b). In contrast, the administration of
short neuropeptide F (sNPF) was shown to shorten the latency
period, possibly resulting from the activation of locomotor activ-
ity. Quantitative analysis of sNPF levels during different feeding
states, however, has not been fully examined.
The compiled genomic information from a number of insect
species has allowed us to identify in silico various conserved fac-
tors, including the identiﬁcation of sNPFs from a number of
insect species. sNPFs belong to a very diverse neuropeptide group
sharingaC-terminalRF-amideorRY-amide.Invertebrates,arep-
resentative RY-amide peptide, neuropeptide Y (NPY), has been
characterized as a neuromodulator controlling feeding behaviors
(Tatemoto et al.,1982). In invertebrates,a NPY homologous pep-
tide has been identiﬁed in the tapeworm, Moniezia expansa,a sa
factor that regulates myo-stimulatory effects (Maule et al., 1991).
By using an antibody against NPF [antiserum against Arg-X-Arg-
Phe/Tyr-NH2:serumcode792(3)],shorterpeptidesthatsharethe
C-terminal RF-amide sequence, subsequently designated as short
NPF, have been identiﬁed in the Colorado potato beetle (Spit-
taels et al., 1996). However, the detailed function of sNPF in vivo
remains to be elucidated.
A cDNA encoding sNPF was ﬁrst identiﬁed in the fruit ﬂy,
Drosophila melanogaster (Vanden Broeck, 2001). The deduced
amino acid sequence contained four sNPFs,which were predicted
tobeproducedafterthepost-translationalmodiﬁcationof adiba-
sic amino acid cleavage site and C-terminal amidation (Vanden
Broeck, 2001). In D. melanogaster, sNPF has been shown to be
pleiotropic including regulation of feeding behavior (Lee et al.,
2004,2008;NasselandWegener,2011).sNPFsareconservedacross
arthropod species with the number of sNPF isoforms encoded by
asinglecDNAvaryingdependingontheinsectspecies(Nasseland
Wegener,2011). In B. mori,sNPF has been identiﬁed as a juvenile
hormone (JH) regulating peptide that functions in tandem with
allatotropintoregulatethesecretionof JHfromthecorporaallata
(Yamanaka et al.,2008). Identiﬁcation of a cDNA encoding sNPFs
revealed the presence of three sNPFs in B. mori (Mita et al., 2003;
Roller et al.,2008;Yamanaka et al.,2008),which is consistent with
reports in other insects of multiple sNPFs.
In D. melanogaster, the presence of sNPFs isoforms has been
characterized by direct matrix-assisted laser desorption ioniza-
tion time-of-ﬂight mass spectrometry (MALDI-TOF MS) proﬁl-
ing (Predel et al., 2004; Baggerman et al., 2005; Yew et al., 2009;
Carlsson et al., 2010; Wegener et al., 2011). Although sNPF-2 and
a partial fragment of sNPF-3 were puriﬁed from B. mori brain
extracts(Yamanakaetal.,2008),thereiscurrentlynoexperimental
evidenceforthepresenceof allthreesNPFisoformsatthepeptide
level in B. mori. We consequently performed direct mass spectro-
metric proﬁling of larval brains to reassess the presence of sNPFs.
In addition,to further address the mechanisms underlying sNPF-
mediated feeding behaviors, we semi-quantitatively measured the
levels sNPFs during different feeding states in B. mori.
MATERIALS AND METHODS
CHEMICALS AND REAGENTS
Chemicalsandreagents,α-cyano-4-hydroxycinnamicacid(CCA),
ethidium bromide, agarose for electrophoresis and Trizma-base,
andEDTAusedinthepresentstudywerepurchasedfromNacalai-
tesk (Osaka,Japan). Methanol,diethylether,formic acid,triﬂuoro
acetic acid (TFA), and acetonitrile for reversed-phase HPLC (RP-
HPLC) were purchased from Kanto Chemicals (Tokyo, Japan).
Fmoc derivatives of amino acids were purchased from Watanabe
Chemical Industries (Hiroshima, Japan).
INSECTS
Silkworm eggs from the hybrid B. mori strain (Kinshu×Showa)
were purchased from UEDA SANSHU Ltd. (Ueda,Japan). Larvae
were reared in plastic containers at 26±1˚C with 70±10% rela-
tive humidity under long-day lighting conditions (16L: 8D) using
SILKMATE 2S artiﬁcial diet purchased from NIPPON NOSAN
Co. Ltd. (Yokohama,Japan). Larvae were provided with fresh diet
on a daily basis. Only larvae whose growth was synchronized were
utilized for the present experiments.
PREPARATION OF STARVED AND RE-FED B. mori LARVAE
Bombyx mori larvae were starved by food deprivation with feces
frequently removed from the containers throughout starvation.
Food deprivation was initiated in synchronously growing ﬁfth
instar, day-2 larvae (2.7±0.3g). Resumption of feeding was ini-
tiated with addition of an artiﬁcial diet block. One hour after
resumption of feeding,the re-fed-larvae were anesthetized on ice.
For mass spectrometric analyses, brains were dissected out from
the prepared larvae.
PREPARATION OF SYNTHETIC PEPTIDES
Short neuropeptide Fs were chemically synthesized based on the
Fmocmethodusinganautomatedpeptidesynthesizer(APEX-SC,
apex396, Advanced ChemTech, Louisville, KT, USA) and depro-
tection as previously reported (Nagata et al.,2011b). In brief,after
deprotection and cleavage from resins, the synthetic peptides in
diethylether were collected by centrifugation. The resulting crude
synthetic peptides were partially puriﬁed using Sep-Pak C18. The
adsorbed sample was eluted with 60% acetonitrile/0.1% TFA. The
eluate was subjected to RP-HPLC (Jasco SC 802,PU-880,UV-875,
Jasco; Tokyo, Japan) on a Senshu Pak Pegasil-300 ODS column
(4.6mm i.d.×250mm, Shenshu Kagaku, Tokyo, Japan) with a
25-min linear gradient of 10–60% acetonitrile containing 0.05%
TFA at a ﬂow rate of 1.0ml/min. The purity of the synthetic pep-
tidewasconﬁrmedbyMALDI-TOFMSusingaVoyager-DE™STR
(AppliedBiosystems,CA,USA)inthepositiveionmodeandCCA
as the matrix. A highly puriﬁed byproduct (m/z 983) of sNPF
synthesis was used for semi-quantitative analyses in the present
study.
REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION
Total RNA was extracted from fat body, silk glands,
foregut, midgut, hindgut, Malpighian tubules, hemocytes, cen-
tral nervous ganglia, brain, ovary, and testis using TRI-
ZOL reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol. After treatment with DNase
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I (TaKaRaBio, Shiga, Japan), cDNA was synthesized using
a reverse transcriptase, Superscript III (Invitrogen), and
an oligo-dT30 primer. Gene speciﬁc primers were sNPF-
Fw (5 -GATGCTCCTAAAGAAGACAAT-3 ) and sNPF-Rv (5 -
TCAGGCTTTCGGTGCTTCCG-3 ). Primers for sNPFR (BNGR-
A10) were sNPFR-Fw (5 -GCTACAATCCATTCCTCTATGCTT-
3 ) and sNPFR-Rv (5 -AGGTTCCTTGTCTGAAGAAATCAC-
3 ). Ribosomal protein 49 (rp49) was used as an exper-
imental control with the following gene speciﬁc primer:
Rp-Fw (5 -GACCTGTTTACAGGCCGACAATCG-3 ) and Rp-Rv
(5 -TTATATTTATTCATTCTCCTGGGAGCGGAG-3 ). Ampliﬁed
fragmentswereelectrophoresedona1.2%agarosegelanddetected
by staining with ethidium bromide. The saturation of PCR prod-
ucts were observed after 35 cycles of ampliﬁcation. We conse-
quently performed our analyses at 30 cycles. To quantitate the
sNPFexpressionlevels(datanotshown),gelimageswereanalyzed
using the public domain NIH Image program (the U.S. National
Institutes of Health at http://rsb.info.nih.gov/nih-image/). The
analyzed PCR product bands were normalized to bands derived
from the PCR experimental control, rp49.
QUANTITATIVE RT-PCR
Extraction of total RNA and RT reaction were per-
formed as described above. The primers for Quantita-
tive RT-PCR (qRT-PCR) for sNPFR were: forward 5 -
TGCTTGGCTCAACGAAAACT-3 ;reverse5 -GAAAGCACCCAA
ACATGGAA-3 . As a control, the following primers for rp49
were used: forward 5 -TGGGAGGTTTCCCCCATT-3 ;r e v e r s e
5 -CCATGCAGCAACCCTTGAT-3 . PCR was performed using
a 7300 Real-Time PCR system (Applied Biosystems). Thermal
cycling conditions were as follows: after initial denaturation at
95˚C for 10min, 40 cycles of 95˚C, 15s; 60˚C, 1min. The singly
targeted qRT-PCR product was conﬁrmed by constructing a melt
curve to all reactions. The reaction was performed using Power
SYBR® Green PCR Master Mix (Applied Biosystems) and 50nM
of eachprimer.Datawereanalyzedusingthe7300Real-TimePCR
systemsoftwarev1.3(AppliedBiosystems).Resultsarerepresented
as a ratio of sNPFR and RpL3 by Ct method.
DIRECT MALDI-TOF MS ANALYSIS
Brain and other ganglia were isolated from B. mori larvae and
placed in a drop of distilled water. After removal of excess water,
the matrix solution was covered with the dried brain or ganglia
prior to mass spectrometry analysis. Mass spectra were measured
on a MALDI-TOF mass spectrometer with CCA as matrix in the
positiveionmode.Thematrixsolutionwaspreparedbysaturating
CCA in 60% acetonitrile containing 0.1% TFA.
SEMI-QUANTITATIVE ANALYSES USING MALDI-TOF MS
For semi-quantitative analyses, the intensities of the mass spectra
ionpeakswereevaluatedbycomparingwithanexogenouslyadded
internal standard peptide as previously reported (Jimenez et al.,
1997). The internal standard peptide,which is not observed in the
spectrum of brain extracts, has a m/z 983 and is the byproduct of
Fmoc chemical synthesis of sNPF-2 with Fmoc at the N-terminus
of sNPF-2.Theinternalstandardwasaddedinextractionsolution
(90% methanol in 0.1% formic acid). The relative intensities of
each ion peak were compared with the intensity of the ion peak
corresponding to the internal standard peptide. Five samples were
measured for analyses of ion peak intensities. At least three mea-
surements were carried out per sample. Single measurement of
MALDI-TOF MS was carried out by accumulation of more than
50 shots using the same laser desorption settings.
STATISTICAL ANALYSIS
Theintensitiesof thesemi-quantitativeanalysesof sNPFweresta-
tistically compared with control samples derived from brains of
larvae fed ad libitum using one-way ANOVA. Signiﬁcances were
determined with Dunnett’s post hoc test (data from larvae fed
ad libitum were used as experimental controls for comparison).
FIGURE 1 | Bombyx mori sNPF precursor and MS spectrum of B. mori larval brain. Representative MS spectrum of the B. mori larval brain. A ﬁfth instar B.
mori larval brain was isolated and directly analyzed by MALDI-TOF MS.The B. mori genomic database was used to facilitate identiﬁcation of ion peaks in the
spectrum.
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RESULTS
sNPF IN THE SILKWORM, BOMBYX MORI
InB.mori,threesNPFs,sNPF-1,sNPF-2,andsNPF-3,areencoded
by a single cDNA sequence (Yamanaka et al.,2008). Of these three
sNPFs, sNPF-2 and a partial fragment of sNPF-3 were puriﬁed
from brain extracts (Yamanaka et al., 2008). To conﬁrm the pres-
enceof sNPFsinthecentralnervoussystem(CNS),weperformed
direct MALDI-TOF mass spectrometric analyses using the iso-
lated brain of a last instar larva (Figure 1). In total, more than 15
detectable ion peaks were observed. As deduced from the cDNA
sequence encoding the sNPF precursor, ion peaks at m/z 1017.2,
887.2, and 976.1 corresponding to sNPF-1, sNPF-2, and sNPF-3,
respectively, were observed. These data suggest the presence of all
three forms of sNPF in the brain. A database search revealed that
these ion peaks coincided with those of known neuropeptides,
including sNPFs (Figure 1).
RT-PCR ANALYSES OF B. mori sNPFs
We subsequently conﬁrmed the expression sites of the sNPF
precursor transcript in B. mori larvae. Reverse transcription-
polymerase chain reaction (RT-PCR) using speciﬁc primers for
the sNPF precursor cDNA sequence revealed that the expression
of sNPFs was observed in the brain and CNS (Figure 2A). To
analyze the detailed location of sNPF expression, we examined
the expression proﬁle in each ganglion. We found that all ganglia
expressed the sNPF precursor mRNA, even though biased cDNA
ampliﬁcation was observed (Figure 2B). These RT-PCR data are
consistent with our MS data.
sNPF EXPRESSION DURING DIFFERENT FEEDING STATES
While determining the sNPF precursor expression proﬁle, we
observed clear differences in expression levels. The resulting RT-
PCR products were compared between the tissues of ad libitum
FIGURE 2 | Reverse transcription-polymerase chain reaction-based
tissue expression proﬁle of the sNPF precursor. (A)Tissues were
isolated from 2-day-old ﬁfth instar larvae: brain (lane 1), central nervous
system (CNS) (lane 2), prothoracic glands (lane 3), silk gland (lane 4),
foregut (lane 5), midgut (lane 6), hindgut (lane 7), Malpighian tubules (lane
8), fat body (lane 9), muscle (lane 10), hemocytes (lane 11), testis (lane 12),
and ovary (lane 13). PCR control consisted of rp49 ampliﬁcation. (B) RT-PCR
of the sNPF precursor in each ganglion from a ﬁfth instar B. mori larvae.
Brain (lane 1), subesophageal ganglion (lane 2), thoracic ganglia (lanes 3–6),
abdominal ganglia (lanes 7–12).
fed larvae and starved larvae. These results showed similar levels
for the sNPF precursor transcript in the brain and CNS in the
different feeding states (Figure 3A). Furthermore, the transcrip-
tional expression level of the sNPF receptor (sNPFR,BNGR-A10)
was also analyzed by RT-PCR. The widely distributed expression
sites of the sNPFR were reconﬁrmed,supporting previous reports
(Yamanaka et al., 2008). Comparison of the transcriptional lev-
els of the sNPFR between RT-PCR products derived from tissues
of ad libitum fed larvae and starved larvae revealed that starva-
tion reduces sNPFR transcript levels (Figure 3B). The reduced
levelsof sNPFRtranscriptbystarvationwereconﬁrmedusingsev-
eral sNPFR expressing tissues, brain, CNS, midgut, and hindgut
by qRT-PCR (Figure 3C). We observed a signiﬁcant reduction
in sNPFR expression levels following starvation in all tissues
FIGURE 3 | Reverse transcription-polymerase chain reaction analyses
of the sNPF precursor and sNPFR (BNGR-A10) in B. mori in ad libitum
fed larvae and starved larvae.Tissues were isolated from 2-day-old ﬁfth
instar larvae: brain (lane 1), central nervous system (CNS) (lane 2), foregut
(lane 3), midgut (anterior, medial, posterior, lanes 4–6), hindgut (lane 7),
Malpighian tubules (lane 8), fat body (lane 9), silk glands (lane 10), testis
(lane 11), ovary (lane 12), and hemocytes (lane 13). RT-PCR analyses were
performed for the sNPF precursor (A) and sNPFR (BNGR-A10) (B). PCR
control consisted of rp49 ampliﬁcation. (C) qRT-PCR analyses for sNPFR of
brain, CNS, foregut, and midgut. Black and white bars represent relative
expression levels of sNPFR compared with rp49 in the larvae fed ad libitum
and starved, respectively. N =5, Mean±SEM, *P<0.05, t-test.
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examined except for the brain, which likewise showed a slight
albeit not signiﬁcant reduction in sNPFR.
SEMI-QUANTITATIVE ANALYSES OF sNPFs IN THE BRAIN
We next examined the peptide levels of sNPFs in the brain dur-
ing different feeding states. The amount of brain sNPFs were
semi-quantitatively analyzed by comparing the relative levels of
sNPFs in crude larval brain extracts with an exogenous inter-
nal standard peptide. A byproduct of sNPF-2 chemical synthesis
was used as an exogenous standard peptide after separation from
sNPF-2 by RP-HPLC. In the resulting spectra, we observed ion
peaks at m/z 1017.2, 887.2, and 976.1 corresponded to sNPF-1,
sNPF-2, and sNPF-3, respectively. Reduced levels of sNPF-1 and
sNPF-2wereobservedinstarvedlarvalbrains.Thelevelsof sNPF-
1 and sNPF-2 further decreased with an increase in the starvation
period (Figure 4). A resumption of feeding returned the levels of
brain sNPF-1 and sNPF-2 back to basal levels. It is noteworthy
that sNPF-1 and sNPF-2 were signiﬁcantly reduced by starvation,
whereas sNPF-3 was not as clearly affected. However, there did
appear to be a similar trend, albeit not statistically signiﬁcant, in
the reduction sNPF-3 levels, most noticeably after 2days of star-
vation. The less pronounced reduction in sNPF-3 levels could be
due to a lower ionization efﬁciency.
The mass spectral proﬁles (Table 1) obtained while perform-
ingthesemi-quantitativeanalysesof sNPFsallowedustoexamine
the effects of starvation two other signiﬁcant ion peaks. These ion
peakscorrespondtoBommyosuppressin(BMS)atm/z 1229.1and
allatostatin-4 (AST-4) at m/z 909.1,which have been suggested to
be feeding-related peptides (Audsley and Weaver, 2009; Nagata
et al.,2011b).We found that,similar to sNPF-1 and sNPF-2,AST-
4 levels were reduced by starvation and were recovered following
a resumption of feeding (Figure5). In contrast,the levels of brain
of BMS did not change signiﬁcantly.
DISCUSSION
InB.mori,post-translationalcleavageofthesNPFprecursoryields
three sNPF forms. In the current study,we examined the presence
and expression proﬁle of these three cleavage products and have
shown that sNPF mRNA is expressed throughout the CNS with
all three sNPF forms in each B. mori larval ganglion. Since sNPFs
have been linked to the regulation of feeding behavior (Nagata
et al.,2011b; Nassel and Wegener,2011),the presence of sNPFs in
all ganglia is consistent with a putative role in regulating feeding
behavior in B. mori.
In other insect species, multiple sNPF forms (from one to
ﬁve) are present (Nassel and Wegener, 2011). This is consistent
with evidence showing the presence of three sNPFs in B. mori.
For example, based on the deduced amino acid sequence of the
sNPFprecursor,theD.melanogaster sNPFgeneappearstoencode
four separate sNPF forms (Vanden Broeck,2001). The presence of
these four sNPFs at the peptide level has been conﬁrmed by direct
mass spectrometry analyses (Predel et al., 2004; Baggerman et al.,
2005;Yew et al.,2009; Carlsson et al.,2010). In the mass spectrum
proﬁling, trypsin-like enzymatic processing of sNPFs appeared
to generate shorter sNPF-like products (Baggerman et al., 2005;
Wegener et al., 2011), which would suggest that at least six sNPF
isoformsarepresentintheD.melanogaster larvalCNS.Incontrast,
as demonstrated in Figure1,no ion peaks corresponding to sNPF
precursor-derived peptides were observed in the crude B. mori
larval brain extract.
BothourdirectmassspectrometrymeasurementsandRT-PCR
analyses of the B. mori CNS indicated that sNPF expression is
localized, if not restricted to, the nervous tissues. However, it has
beenreportedthat,inadditiontotheCNS,D.melanogaster sNPFs
are also expressed in the midgut (Reiher et al., 2011). In the case
of B. mori, we were unable to detect any ion signals for sNPFs in
the crude extract of the larval midgut nor could we detect sNPF
FIGURE 4 | Semi-quantitative mass spectrometry analyses of
sNPFs.The sNPFs levels were measured by comparing with an
exogenous nonsense peptide. Samples were prepared from 2-day-old
ﬁfth instar larvae. Larvae were starved for 1 and 2days. Re-fed-larvae
were prepared as described in the Materials and Methods. N =5,
Mean±SE. Data were statistically analyzed using a one-way ANOVA
with signiﬁcant differences determined with a post hoc Dunnett’s test,
*P<0.05.
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precursor mRNA in the midgut via RT-PCR. As sNPFs exert a
number of biological events, including regulating feeding behav-
ior,sNPFs in the midgut might function as enterogastric peptides
in D. melanogaster. Although sNPF expression was not observed
in the B. mori larval midgut, sNPFs secreted from the individual
ganglia could potentially function in all tissues because receptor
expression has been reported to be widespread in B. mori larvae
(Yamanakaetal.,2008).Additionally,antiserumagainstRF-amide,
which can recognize sNPFs in addition to other RF-amide pep-
tides,indicatedthatRF-amidepeptidesarepresetinmanyneurons
(Walker et al., 2009; Nassel and Wegener, 2011). Consequently,
even though sNPFs are not expressed in the midgut of B. mori,i t
is possible that they function in gastric control.
Even though sNPFs were initially identiﬁed based on cross-
reactivitywithananti-neuropeptideF(NPF)antibody,ourknowl-
edge of their functionality remains limited. A number of studies,
however, have proposed possible functions for sNPFs (Nassel and
Wegener, 2011). For example, in D. melanogaster, sNPFs are pro-
duced in numerous small neurons in the brain that are thought to
be associated with locomotor modulation and regulation as well
as other various functions (Hanesch et al., 1989; Strauss, 2002;
Kahsai and Winther, 2011). This possible function supports our
previous data, which showed that the injection of sNPFs into B.
mori larvae inﬂuenced the initiation of feeding behavior (Nagata
etal.,2011b).sNPFssometimesco-expresswithotherpeptidehor-
mones in D. melanogaster, such as tachykinin and ion transport
peptides,resultinginaproposalthatsNPFsmayregulatehormone
release (De Lange et al., 1997; de Jong-Brink et al., 2001; Kahsai
et al., 2010). In B. mori, sNPFs also appear to negatively act on
the allatotropin producing organ, the corpora allata, such that JH
secretion and biosynthesis are decreased (Yamanaka et al.,2008).
To have a better understanding of how sNPF may function in
B. mori, we estimated the amount of sNPFs at both the transcrip-
tional and peptide levels. The present data indicate that starvation
hasnoeffectonthetranscriptionallevelofsNPFs(datanotshown)
but did reduce the amount of mature sNPF peptides in the brain.
AlthoughthesNPFcontentof theremaininggangliawasnotmea-
sured in this study, we found that the brain sNPF levels changed
signiﬁcantlyinresponsetostarvation(Figure4).Wespeculatethat
a reduction in brain sNPFs, which likely results from functional
consumption of the peptides, would trigger several biologically
important events in B. mori larvae such as the activation of loco-
motor activity accompanied with other functions. This would
be consistent with the observation that sNPFs drive locomotor
activity in D. melanogaster (Kahsai et al.,2010).
Table 1 | Ion peaks detected by direct MALDI-TOF MS analyses of ﬁfth
instar B. mori larvae brain.
Observed ion peak Peptide
830.1 n.d
887 .2 sNPF-2
899.1 AST-6
909.1 AST-4
928.0 n.d
943.1 AST-5
951.2 AST-3
976.1 sNPF-3
1017 .2 sNPF-1
1031.0 n.d
1100.9 PTSP
1127 .0 n.d
1229.1 Bommyosuppressin
1246.1 n.d
1267 .0 n.d
1295.1 n.d
sNPF , short neuropeptide F; AST, allatostatin; PTST; prothoracicostatic hormone;
n.d, not determined.
FIGURE 5 | Semi-quantitative analyses of allatostatin (AST)-4 and
Bommyosuppressin (BMS). Ion peaks corresponding to AST-4 at m/z 909.1
and BMS at m/z 1229.1 were analyzed. Analytical conditions were the same
as those for sNPFs analyses. N =5, Mean±SE. Data was statistically
analyzed by one-way ANOVA. Signiﬁcant differences were determined by the
post hoc Dunnett’s test, *P<0.05.
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Intriguingly, the sNPF receptor transcript levels were reduced
in response to starvation (Figures 3B,C). Furthermore, different
behavioral states were observed after short versus long starva-
tion, with the latter showing much lower levels of locomotor
activity (Wolfgang and Riddiford, 1987; Nagata and Nagasawa,
2006). As sNPFs are possible locomotor modulators (Kahsai
et al., 2010), the reduction in sNPFR levels is consistent with
the fact that larvae starved for longer periods would exhibit
decreased locomotor activity as a means of conserving crucial
energy stores.
Database-assisted transcriptomic analyses revealed that several
GPCRs might be allocated to receptors for RF-amide peptides
in most insect species, including D. melanogaster (Mertens et al.,
2002) and Anopheles gambiae (Hill et al., 2002). In B. mori, there
are three sNPF receptors,BNGR-A10,BNGR-A11,and BNGR-A7
(data not shown, manuscript in preparation). Interestingly, these
threereceptorsareexpressedinalmostalltissuesofthelarvalbody,
but exhibit biases in distribution (Yamanaka et al., 2008; unpub-
lished data by our group). This observation suggests that each
receptorhasdifferentligandsordifferentfunctionsinvivo.There-
fore,careful analyses of sNPF expression levels,in addition to that
of the associated receptors, are required to further develop our
understanding of the mechanisms underlying sNPF-modulated
feeding behavior.
Finally, as observed in sNPFs, there are a number of similar
cases where several homologous peptides are produced from a
single cDNA, such as AST (Secher et al., 2001) and tachykinin
(Rolleretal.,2008).Interestingly,suchmultiplepeptideshavesev-
eral different receptors with high similarity (Roller et al., 2008;
Yamanaka et al., 2008). Hence, further information about how
various ligands may be recognized by various receptors requires
further elucidation.
CONCLUSION
In the present study, we monitored sNPF levels in the CNS and
brain of B. mori larvae. The level of sNPFs in the B. mori brain
was inﬂuenced by the feeding state of the specimens examined.As
previously proposed, sNPFs may function as possible neuromod-
ulatorsof locomotioninB.mori larvae.Wesuggestthatoneof the
pleiotropic functions of sNPFs is neuromodulatory in nature in
that they potentially drive feeding behavior associated locomotor
activity in response to the animal’s feeding state.
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